The fungal pathogen Ustilago maydis causes disease on maize by mating to establish an infectious filamentous cell type that invades the host and induces tumours. We previously found that b-oxidation mutants were defective in virulence and did not grow on acetate. Here, we demonstrate that acetate inhibits filamentation during mating and in response to oleic acid. We therefore examined the influence of different carbon sources by comparing the transcriptomes of cells grown on acetate, oleic acid or glucose, with expression changes for the fungus during tumour formation in planta. Guided by the transcriptional profiling, we found that acetate negatively influenced resistance to stress, promoted the formation of reactive oxygen species, triggered cell death in stationary phase and impaired virulence on maize. We also found that acetate induced mitochondrial stress by interfering with mitochondrial functions. Notably, the disruption of oxygen perception or inhibition of the electron transport chain also influenced filamentation and mating. Finally, we made use of the connections between acetate and b-oxidation to test metabolic inhibitors for an influence on growth and virulence. These experiments identified diclofenac as a potential inhibitor of virulence. Overall, these findings support the possibility of targeting mitochondrial metabolic functions to control fungal pathogens.
Introduction
Ustilago maydis is a biotrophic fungal pathogen that causes common smut disease on maize and teosinte. The fungus infects all aerial parts of host plants and causes anthocyanin production, chlorosis and the formation of large tumours. Fungal biomass accumulates in tumours with the eventual formation of masses of black, sooty teliospores, which facilitate dispersal of the pathogen (Matei and Doehlemann, 2016) . Smut fungi cause economically significant crop losses, particularly on cereals, and U. maydis is also a model organism for studying biotrophic plant-pathogen interactions (Saville et al., 2012) . In this context, analysis of the genome sequence of U. maydis revealed clusters of genes that were expressed during maize infection and that encoded predicted, secreted proteins (K€ amper et al., 2006) . This information and subsequent experiments led to the characterization of several secreted effector proteins that enable U. maydis to cause disease (Djamei et al., 2011; Hemetsberger et al., 2012; Mueller et al., 2013; Tanaka et al., 2014; Redkar et al., 2015) .
The ability of U. maydis to switch from a nonpathogenic, yeast-like morphology to an invasive hyphal state is a key aspect of the pathogenicity of the fungus. The morphological transition is governed by mating, and the a and b mating loci are therefore determinants of virulence and filamentous growth (Kronstad and Staben, 1997; Yee and Kronstad, 1998; S anchez-Martínez and P erez-Martín, 2001; Feldbr€ ugge et al., 2004) . Successful (compatible) mating interactions lead to the formation of conjugation tubes, cell fusion, dikaryotic hyphae formation, appressorium formation, penetration of the plant surface and finally extensive proliferation leading to sporulation (Matei and Doehlemann, 2016) . Other factors influence filamentous growth including the available carbon source (lipids), pH, ammonium and phosphate (Martínez-Espinoza et al., 1997; Smith et al., 2003; Klose et al., 2004; Boyce et al., 2006; Kretschmer et al., 2012) . These factors can trigger filamentous growth of haploid yeast-like cells in the absence of mating signals.
An understanding of the metabolic adaptation of fungal pathogens to the host environment is important for crop protection. In previous work, we demonstrated the importance of peroxisomal and mitochondrial boxidation for the filamentous transition of U. maydis in response to lipids and fatty acids, and the relevance of b-oxidation for virulence (Klose et al., 2004; Klose and Kronstad, 2006; Kretschmer et al., 2012) . b-oxidation results in the production of acetyl-CoA for energy (ATP) production and the formation of more complex carbon containing compounds (e.g., gluconeogenesis, sterols). It is known that peroxisomal b-oxidation contributes to the use of acetate as a carbon source in several fungi, including U. maydis (Piekarska et al., 2006; Kretschmer et al., 2012) . In fact, we demonstrated that mutants defective in the had1 gene, encoding the mitochondrial b-oxidation enzyme hydroxyacyl coenzyme A dehydrogenase, or the mfe2 and mfe2b genes encoding the multifunctional enzyme for peroxisomal b-oxidation, grew poorly on acetate (Kretschmer et al., 2012) . This work also identified toxic short and medium chain fatty acids that caused cell death and we were intrigued by the underlying mechanism given that acetate is known to trigger mitochondrial-induced cell death in yeast and other fungi. We hypothesized that fatty acid toxicity was related to the inability of the mitochondrial b-oxidation mutant Dhad1 to grow on acetate. In this regard, the mechanisms of acetate-induced cell death have been well-characterized in S. cerevisiae where acetate uptake leads to acidification of the cytoplasm, an influence on glycolysis and amino acid metabolism and, importantly, impaired mitochondrial function (Ludovico et al., 2001; Ludovico et al. 2002; Sousa et al., 2012) . Acetate also induces apoptosis in mammalian cells (Jan et al., 2002; Lan et al., 2007; Marques et al., 2013) . Recently, Mukherjee et al. (2017) , showed the involvement of a metacaspase Mca1 in cell death, protein quality control and virulence for U. maydis.
In this study, we established a connection between acetate and cell death in U. maydis, and we examined the influence of acetate on mating, filamentous growth, the transcriptome, mitochondrial function and virulence. We also made use of the connection between mitochondrial b-oxidation and acetate metabolism to test nonsteroidal anti-inflammatory drugs such as diclofenac for their influence on growth and virulence. Diclofenac inhibited growth on fatty acids, interfered with filamentation and mating in vitro and attenuated virulence.
Results

Acetate promotes growth but negatively influences filamentation induced by mating or oleic acid
We previously reported that mutants defective in b-oxidation were impaired in their ability to use acetate as a sole carbon source (Kretschmer et al., 2012) . To examine growth on acetate in more detail, we initially compared the growth of the wild type (wt) strain 002 at acidic (4.5), neutral (7.0) and alkaline pH (8.0) on solid medium, and in liquid media (pH 7.0), with acetate relative to glucose (Fig. 1A-C) . We found that colony formation on solid media was similar between glucose and acetate, independent of pH ( Fig. 1A and B) . However, the cell numbers were lower in liquid medium with acetate compared to glucose, with 32.3% of the level in glucose at 24 h, 23.3% at 48 h and 20.0% at 72 h (Fig. 1C) . Similar results were obtained for the wt strain 001, which reached 14.1% of the glucose level at 72 h in acetate. Mutants defective in peroxisomal or mitochondrial b-oxidation were able to grow slightly in liquid culture with acetate, but did not reach the same level as wt strains after 72 h (Fig. 1D) .
We next examined the influence of acetate on filamentous growth triggered by mating or growth on fatty acids. Glucose generally supported mating over a wide range of concentrations, although very low (0.1%) and very high (10%) concentrations interfered with the formation of mating filaments (Fig. 1E) . At low glucose concentrations, the wt strains also started to form filaments in the absence of a mating partner (Supporting Information Fig. S1A ). Nutrient limitation and quality thus might represent starvation signals to induce filamentation, as other non-preferred carbon sources such as ethanol, glycerol or arabinose also induced filamentation of U. maydis in the absence of a mating partner (Supporting Information Fig. S1A ). Mating filamentation could be rescued for glycerol, but not ethanol, in the presence of glucose (Supporting Information Fig. S1B ). In contrast, a wide range of acetate concentrations and/ or a prolonged incubation time never induced filament formation during mating ( Fig. 1F ; Supporting Information Fig. S1A ). Furthermore, 1% acetate interfered with the mating reaction on 1% glucose and induced filamentation of the single strains at lower concentrations (0.01% and 0.1% acetate) (Fig. 1G) .
We also examined the influence of acetate on the known ability of oleic acid to induce filamentation in the absence of mating ( Fig. 1H ; Klose and Kronstad, 2006; Kretschmer et al., 2012) . A combination of oleic acid with acetate did not markedly influence cell number compared to oleic acid alone, but did reduce filamentation ( Fig. 1I and J) . Specifically, we compared filamentation in cultures with oleic acid (65.4% 6 5.9 filamentous cells), acetate (<1% filamentous cells) and 1% oleic acid plus 1% acetate (<1% filamentous cells). Interestingly, the latter condition resulted in a high percentage (71.6% 6 3.2) of cells with a shorter and wider (stubby) morphology ( Fig. 1H and J) . Overall, acetate alone did not support filamentation during mating or in response to oleic acid, and inhibited these processes under otherwise inducing conditions.
The cAMP-PKA pathway in U. maydis is known to be important for adaptation to different carbon sources, and is also connected with the MAPK pathway for mating and filamentation (Gold et al., 1997; M€ uller et al., 1999; Brachmann et al., 2003) . Furthermore, Klose et al. (2004) showed that the yeast to hyphal transition in response to oleic acid requires functional PKA and mating pathways but is independent of the transcription Fig. 1 . Acetate is a carbon source for U. maydis but interferes with mating and filamentation induced by glucose or oleic acid.
A. Spot assay of starvation-adapted wild-type (wt) cells (strains 001 and 002) on MM plates with 1% glucose (glu) or 1% acetate (ace) pH 7.0 after 48 h growth at 308C. B. Growth of wild-type cells (001 and 002) on MM plates with 1% acetate with low and high pH after 48 h. C. Growth of wt cells (002) in liquid MM with 1% glucose or 1% acetate pH 7.0 at 308C with 200 r.p.m. and ambient light at different time points. D. Growth of Dhad1Dhad2 and Dmfe2Dmfe2b mutants, and the corresponding wt cells, on acetate compared to glucose. E. Mating, indicated by fluffy white colonies of compatible wt cells on different glucose concentrations after 24 h and 48 h on DCM with 1% activated charcoal at RT. F. Mating of wt cells on different concentrations of acetate after 24 h, 48 h and 96 h. G. Mating of wt cells on 1% glucose amended with 0%, 0.01%, 0.1% or 1% acetate after 24 h and 48 h. The box indicates the spotting scheme of the wt strain 001 alone, a 1:1 mixture of the wt 001 and 002 strains, and strain 002 alone. H. Induction of filamentation of single wt strains by 1% oleic acid in liquid MM after 5d of growth at 308C and inhibition of filamentation by acetate alone or in combination with oleic acid. The cells are stained with calcofluor white. I. Cell number in oleic acid, acetate and a mixture of acetate and oleic acid of the cultures in (H). J. Percentages of cells with filaments, single yeast-like cells and 'stubby' cells (short, thick, septated cells) in the cultures from (H). SDs of the biological replicates are shown.
factor Prf1 involved in mating. We therefore tested the requirement of PKA and mating cascade components for growth on acetate. We found that mutants for the mating-related MAPKs (Dkpp2 and Dkpp6) did not show reduced growth on acetate as sole carbon source, suggesting that the mating pathway is not required. In contrast, the Dubc1 mutant lacking the regulatory subunit of PKA was unable to grow on acetate compared to glucose (Supporting Information Fig. S2 ). This result further links the cAMP-PKA pathway with carbon source use in U. maydis.
Transcriptome changes in response to acetate, oleic acid and growth in planta during infection
We next used RNAseq to obtain an overview of the transcriptional response of U. maydis to growth on acetate, oleic acid or glucose (Supporting Information Table S1 ; Tables (1-3) ; Supporting Information Fig. S3A , B). We found that in acetate 2479 genes were changed in expression, with 958 upregulated and 1521 downregulated. In contrast, 2172 genes changed expression on oleic acid with 1184 upregulated and 988 downregulated (Supporting Information Fig. S3A ). We also compared the expression patterns with the transcriptome of U. maydis during tumour formation at 10 dpi on the stems of maize seedling (Kretschmer et al., 2016a (Kretschmer et al., , 2016b ; Supporting Information Table S2 ; Tables (1-3); Supporting Information Fig. S3C-E) . Although this analysis was limited to a single time point of infection, we identified 1366 genes with higher transcript levels and 1491 with lower transcript levels during infection relative to a mixture of PDB-grown haploid cells, washed and resuspended in water (Supporting Information Fig.  S3C ). The RNASeq analysis for the carbon sources was performed with one biological replicate per condition, in contrast to the transcriptome obtained during infection (3 biological replicates). We therefore limited the use of the data to GO-term enrichment for genes that showed at least a twofold change (up or down) in transcript levels for the carbon sources and to twofold changes (up or down) in transcript levels and a p-value 0.05 for the infection stage (Supporting Information Table S1, Table  S2 ). This approach provided an overview of transcriptome changes for more detailed subsequent analysis and validation by qPCR (see below).
Mitochondrial functions represented by seven GO-terms were overrepresented in the downregulated genes in both the acetate and oleic acid conditions, with another six GO terms downregulated in the acetate condition (Table 1) . Surprisingly, four of the GO-terms (i.e., GO:0005739, GO:0045333, GO:0009060 and GO:0015980) were also overrepresented among the downregulated transcripts during infection (Table 1) . For the mitochondrial GOterms, the specific genes that are regulated in common during infection and growth on acetate are listed in Table S6 of the Supporting Information. Other mitochondrial-related functions such as ROS metabolism were also overrepresented among the downregulated genes in the acetate and oleic acid (two GOterms) and the acetate conditions (three GO-terms). Additionally, cell death functions were overrepresented in the upregulated genes for acetate (three GO-terms) and in the set of acetate upregulated/oleic acid downregulated genes (two GO-terms; Table 1 ). A closer inspection of a subset of genes for proteins with mitochondrial subcellular location (obtained from the database: http:// pedant.helmholtz-muenchen.de) showed that 55.3%, 49.4% and 25.9% were downregulated during infection, growth on acetate or growth on oleic acid, respectively, but only 5.9%, 4.7% and 8.2% were upregulated under the same conditions (Supporting Information Table S2 ). Notably, out of the 47 downregulated mitochondrial genes during infection, 31 were also downregulated during growth on acetate. Furthermore, 18 of those 47 genes were also downregulated during growth on oleic acid. The set of mitochondrial genes with observed expression changes is provided in Table S2 of the Supporting Information. In general, we observed a partial overlap between the pattern of expression of mitochondrial functions during growth on non-preferred carbon source and tumour formation during infection. However, only growth on acetate appeared to activate cell death functions. The response of U. maydis to acetate shows overall similarities to S. cerevisiae and C. albicans with regard to mitochondrial function and stress (Phillips et al., 2003; Giannattasio et al., 2013; Sousa et al., 2013) .
Other functions related to in planta growth such as filamentation, polysaccharide formation and sporulation were also overrepresented in the GO-term analysis. Nine GO-terms for filamentation were overrepresented among the genes upregulated on acetate, while one GO-term (GO:0043581) was overrepresented in the downregulated genes for acetate and oleic acid, as well as in the downregulated genes during infection (Table  2) . Polysaccharide-related functions including extracellular matrix/capsule formation were overrepresented in the upregulated genes on acetate and oleic acid (two GOterms) or the upregulated genes observed only on acetate (seven GO-terms). Sporulation functions (12 GOterms) were only overrepresented in the upregulated genes on acetate (Table 2) .
Organic acid metabolism was also extensively changed in acetate and oleic acid-grown cells. Eight GO-terms were overrepresented in acetate and oleic acid down regulated genes, while an additional five Table 1 . GO-term enrichment analysis for mitochondria-related genes regulated during growth on acetate (ace), oleic acid (ole) or during infection (infec).
General function The number of genes that are co-regulated for acetate and infection are a.
GO-term
out of 308, b.
18 out of 52, c. 13 out of 39 and d.
17 out of 59.
Blue and down indicate GO-term enrichment for down-regulated genes. Red and up indicate GO-term enrichment for up-regulated genes. All regulated genes for the indicated GO-terms, including those co-regulated for acetate and infection, can be found in Supporting Information Table S6 . Table 2 . GO-term enrichment analysis for sporulation, polysaccharide and filamentation related genes regulated during growth on acetate (ace), oleic acid (ole) or during infection (infec).
General function Blue and down indicate GO-term enrichment for down-regulated genes. Red and up indicate GO-term enrichment for up-regulated genes. All regulated genes for the shown GO-terms, including those with co-regulation for in planta growth and growth on acetate (and oleic acid), can be found in Supporting Information Table S6 .
GO-term
GO-terms were overrepresented in the acetate down and oleic upregulated genes. Surprisingly, five of the GO-terms (GO:0043436, GO:0006082, GO:0019752, GO:0016054 and GO:0046395) were also found among the in planta downregulated genes (Table 3) . In general, similar patterns of gene expression were observed in response to in planta growth and to the less favourable carbon sources acetate or oleic acid.
Validation of changes in gene expression in response to carbon source and infection
We next used the RNA-Seq data to guide qPCR analysis of differential gene expression with a focus on functions related to the influence of acetate, including mating, mitochondrial functions, ROS formation and carbon metabolism (Fig. 2) . Additional analyses for other functions including lipid, nitrogen and phosphate metabolism, cell cycle, cell morphology, stress, histone and acetate uptake are presented in Supporting Information Table S3 . For the qPCR analysis, we used three biological replicates of newly isolated RNA from the conditions described for the RNAseq experiment, and examined the expression of selected genes representing specific GO-term categories ( Fig. 2 ; Supporting Information Table S3 ). This analysis confirmed the differential expression of 88.9% of the genes influenced by growth on acetate, 94.4% of the genes for oleic acid and 97.1% for infection, compared to the RNAseq analysis ( Fig. 2 ; Supporting Information Table S3 ). Genes encoding proteins for mating provide examples of functions related to phenotypes influenced by acetate. For example, the genes for the transcription factors Prf1 and bE1 involved in mating, virulence and filamentous, invasive growth were downregulated in acetate and oleic acid, while the transcript for Prf1, but not for bE1 (153x higher) was lower during infection ( Fig. 2 ; Supporting Information Table S1 , Table S3 ). The cells from the mating culture that were used for comparison for the infection condition were washed in water and mixed (1:1 ratio of mating types) and had not fused yet. Mating pathway components that were downregulated in acetate and oleic acid also included the genes for pheromones and a pheromone exporter (Supporting Information Table S2 ). These results are consistent with the observed inhibition of mating by acetate. As expected, functions related to carbon source use and mitochondrial functions were regulated by growth on acetate, oleic acid and to some extent during infection. For example, Srt1, a plasma membrane bound sucrose transporter, was downregulated by acetate and oleic acid, while it was upregulated during infection ( Fig.  2 ; Wahl et al., 2010) . The gene for the PKA subunit Table 3 . GO-term enrichment analysis for organic acid metabolism related genes regulated during growth on acetate (ace), oleic acid (ole) or during infection (infec). Blue and down indicate GO-term enrichment for down-regulated genes. Red and up indicate GO-term enrichment for up-regulated genes. All regulated genes for the shown GO-terms, including those with co-regulation for in planta growth and growth on acetate (and oleic acid), can be found in Supporting Information Table S6 .
General function GO-term
Ubc1 was significantly upregulated during growth on oleic acid, while its expression was unchanged during infection or during growth on acetate. In contrast, the acl1 gene encoding ATP citrate lyase was downregulated during growth on oleic acid and during infection. Other glucose-related functions, such as the glucose oxidase Gox1 were upregulated in all three conditions; glucose oxidases contribute to ROS production, the mitochondrial permeability transition and the induction of cell death (Bankar et al., 2009; Kumar and Sitasawad, 2009; Yu et al., 2016) . In contrast, ROS detoxifying functions such as catalases (cat1) were downregulated during growth on acetate and during infection ( Fig. 2 ; Supporting Information Table S1 , S2, S3). We also found that the expression of several genes encoding mitochondrial functions was downregulated during growth on acetate, oleic acid or during infection, similar to the impact of acetate on mitochondrial functions established for other fungi (Supporting Information Table S1, S2). These genes encode transcription factors (e.g., Zim17), translation components (elongation factor Tuf1), chaperones (Hsp70, Hsp60, Mdj1) and metabolic functions such as an alternative oxidase (Aox1) and a succinyl-CoA-3-oxaloacid CoA transferase (Suc1) important for ketone body catabolism (Fig. 2 ). An ortholog of the gene encoding fumarate reductase (Osm1) was upregulated on acetate, oleic acid and during infection ( Fig. 2 ; Supporting Information Table S3 ). Interestingly, the GO-term of sporulation was also overrepresented during growth on acetate. We therefore examined the transcript levels for specific genes in this category, including the sporulation-related transcription factor Um02775 (regulated by Ros1, Tollot et al., 2016) , and especially the pks1 and lac1 genes important for melanin formation. The transcripts for all three genes were upregulated during growth on acetate and during infection, while expression of all three genes was downregulated during growth on oleic acid ( Fig. 2 ; Supporting Information Table S3 ). It is interesting that other genes related to sporulation, such as spo11 (5.0x upregulated in acetate), the sporulation related TF's um02775 (2.9x upregulated in acetate) and um01390 (2.1x upregulated Gene expression differences detected by RNAseq were investigated by qPCR for selected genes in the categories shown. qPCR was performed for glucose (g), acetate (a) and oleic acid (o) grown cells, mating cultures used for infections (m) and infected corn tissue (i) (at 10 dpi). The control condition for acetate and oleic acid was glucose. For infection, the control condition was the mating culture. The results were compared to the corresponding RNAseq data. Three biological replicates were performed with actin and elfa1 as control genes. The elfa1 transcript is slightly (23) down regulated during infection. Thus, qPCR results for the mating and infection stages were correlated with actin expression. § indicates a less than two-fold expression change for the RNAseq results, and transcripts displaying this level of differential expression were excluded at the beginning of the bioinformatic data processing. SDs are shown and the p-values are * 0.05, ** 0.01 and *** 0.001 compared to the expression of the respective control condition. Full details and other genes can be seen in Supporting Information Table S3 .
Carbon source stress in Ustilago maydis 495 Molecular Microbiology, 107, [488] [489] [490] [491] [492] [493] [494] [495] [496] [497] [498] [499] [500] [501] [502] [503] [504] [505] [506] [507] in acetate), hda1 (2.1x downregulated in acetate), tup1 (4.3x downregulated in acetate) as well as melanin functions such as lac1 and pks1 (plus one additional PKS gene (um06418) coregulated with pks1), were similarly regulated by acetate and infection, with the exception of um01390 and tup1 which were 23 downregulated and unchanged during infection respectively (Reichmann et al., 2002; Elías-Villalobos et al., 2001; Kojic et al., 2013; Tollot et al., 2016) . The two pks genes and the lac1 gene are under the control of Ust1, and are important for melanin formation in U. maydis (Islamovic et al., 2015) .
Stress-related functions such as rim101 and a gene encoding a candidate ortholog of the yeast stress regulator Msn2/4 showed increased expression on acetate, oleic acid and during infection (Supporting Information  Table S3 ). Taken together, the qPCR analysis supports the conclusion that there is an increased level of cellular stress, especially with regard to mitochondrial functions, during U. maydis growth on acetate, oleic acid and during infection.
Acetate induces ROS stress during exponential growth as well as cell death in stationary phase, and impacts virulence Acetic acid is known to induce apoptotic programmed cell death (PCD) in S. cerevisiae, with well-established connections to mitochondrial and metabolic functions, as well as hallmarks of PCD such as ROS accumulation and DNA fragmentation (Ludovico et al., 2002; Sousa et al., 2013) . The changes we identified in the expression of functions related to cell death in U. maydis, upon acetate treatment at neutral pH, suggested a similar response to acetate. As aforementioned, these changes included reduced expression of ROS detoxifying mechanisms and mitochondrial functions. We therefore specifically examined connections between ROS and cell death for U. maydis grown on acetate. Initially, we found that U. maydis exhibited increased ROS sensitivity on acetate (Fig. 3A) . A comparison of viability for wt cells grown with 1% glucose or 1% acetate revealed no difference in trypan blue staining at early time points in the exponential phase of growth up to 48 h (Fig. 3B) . In contrast, when the cells reached stationary phase in glucose at 72 h, cell survival for the two wt strains in glucose were 97% and 96% compared to 3.7% and 1.3% in acetate (Fig. 3B) . Similar results were obtained for the mutants with defects in b-oxidation (Dmfe2Dmfe2b and Dhad1Dhad2), indicating that compromised boxidation did not confer enhanced cell death (Fig. 3C) . Furthermore, a combination of 1% glucose and 0.5% acetate resulted in increased cell numbers compared to the cultures with individual carbon sources. The level reached by cells grown in the combination of the carbon sources was similar to the level reached by growth with 1.5% glucose. This suggests that acetate was used, even in the presence of glucose. However, in contrast to growth in glucose alone, cell viability when acetate was present was reduced to 82%, compared to 98-99% viability for the glucose cultures (Fig. 3D) . Thus, the uptake, use and toxicity of acetate are not completely repressed by glucose in U. maydis. In this regard, it is possible that passive uptake of acetate contributes to toxicity.
An analysis of ROS levels by staining with 2,7-dichlorofluorescein diacetate revealed that the strains grown in acetate showed high accumulation compared to Fig. 3 . Acetate induces cellular stress, cell death at high cell density, intracellular ROS production and reduces virulence on maize seedlings.
A. Growth of wt strains on MM agar plates pH 7.0 supplemented with glucose (glu) or acetate (ace) as carbon source, and with or without the indicated stressors, was compared after 2d at 308C, with the exception of the heat treatment at 358C. B. Cell viability (%) was assessed at different time points for cultures of the wt strain 002 grown in liquid MM plus 1% glucose or 1% acetate, pH 7.0 at 308C and 200 r.p.m. with ambient light. Cultures were inoculated with 2 3 10 5 cells ml 21 . Trypan blue staining was used to assess cell viability. C. Cell viability was assessed at different time points for the b-oxidation mutants (Dhad1Dhad2, Dmfe2Dmfe2b) grown as described in (B). D. Addition of acetate (0.5%) to glucose (1%) improved the growth rate of U. maydis to similar levels as seen for 1.5% glucose, but cell survival was reduced compared to all glucose concentrations. E. ROS staining of wt 002 cells grown in liquid MM with 1% glucose or 1% acetate after 36 h at 308C. The contrast of the photographs was adjusted to optimize visualization of the staining intensity. F. ROS staining of wt 002 cells grown in liquid MM with 1% glucose or 1% acetate after 36 h at 308C. The same settings for microscopy were used for the two samples. Picture processing was identical for the two samples. A histogram of grey tones generated by Adobe Photoshop is depicted. G. Fluorescence intensity of wt 002 cells grown in liquid MM with 1% glucose or 1% acetate after 40 h at 308C and stained for ROS levels by DCFH-DA. H. Cell death induction by a sodium acetate shock as determined by a TUNEL assay. I. Alleviation of acetate-induced cell death by addition of the antioxidant N-acetylcysteine (NAC). Cultures were grown for 72 h at 308C and compared to cells grown on glucose. J. Virulence of wt strains on Zea mays seedlings infected 7 days after germination. Plants were infected with washed and glucose-starved (30 min) cells in mating cultures of 5 3 10 6 cells ml 21 with different concentrations of acetate pH7.0. Plants were also infected with mating cultures in sodium dihydrogen phosphate (as a control for the influence of sodium). Plant toxicity was also assessed, and plant survival was reduced to 96.7% (only at 10% sodium acetate). SDs are shown and p-values are given as * 0.05 and ** 0.01. ns 5 not significant.
glucose-grown cells at 36 h of growth, and further fragmentation of vacuoles and other organelles could be detected ( Fig. 3E and F) . The fluorescence of DCFH was 3.9 times higher at 40 h in cells grown in acetate versus glucose (Fig. 3G) . Overall, these results revealed the accumulation of intracellular ROS during growth on acetate with eventual death at high cell density.
Because cell death was mainly seen for high-density cultures after a long exposure to 1% acetate in minimal medium, we examined cell death after a brief exposure to an acetate shock. The cells were inoculated into 2.5% acetate in minimal medium for 2.5 h without prior adaptation to carbon source starvation. This acetate shock led to a low percentage (13.3%) of dead cells (Fig. 3H) . We also used NAC as an antioxidant to further test if loss of cell viability was connected to mitochondrial ROS stress. Interestingly, we found that a low concentration of NAC (2.5 mM) increased the growth of cells on acetate by 2.2 fold compared to cells on glucose with NAC (Fig. 3I ). However, cell survival after 72 h was unchanged compared to acetate alone. A higher level of NAC (5mM) increased the cell number 3.3 fold compared to glucose and rescued the cell survival after 72 h with 93.3% of the cells being alive (Fig.  3I) . These data indicate a high degree of ROS stress during growth on acetate, leading to cell death (perhaps at a threshold of ROS), which can be alleviated by addition of an external antioxidant. Additional stress conditions were tested for growth on acetate versus glucose, and we found that cells grown on acetate showed increased sensitivity to arsenate, salt stress caused by sodium chloride, the antifungal drug fluconazole and elevated temperature, while sensitivity to cell wall stresses (congo red, caffeine) and the secretion inhibitor BFA were unaltered by the carbon source ( Fig. 3A; data not shown).
To test if the influence of acetate was dependent on active metabolism, or if a more stable acetate analogue such as chloroacetate would have similar activity, we analysed chloroacetate as a carbon source and its influence on mating. Chloroacetate alone was not a carbon source for U. maydis, but was toxic to the fungus if another carbon source was present (e.g., dextrose in PDB medium) (Supporting Information Fig. S4A, B) . Chloroacetate also showed toxicity in MM with glucose as carbon source, but did not show synergy with acetate (Supporting Information Fig. S4B ). Mating was not suppressed by chloroacetate (Supporting Information Fig.  S4C ). Together, these results indicate that active metabolism contributes to the toxicity of acetate and that chloroacetate may exhibit a distinct mechanism of toxicity.
We also tested the influence of acetate on the virulence of U. maydis. Maize seedlings were inoculated with compatible haploid strains adapted to carbon source starvation and amended with different concentrations of acetate at pH 7.0. Acetate concentrations of 5 or 7.5 percent reduced virulence by 0.5 to 0.7 disease indices, leading to a higher proportion of healthy plants. A higher concentration of 10% caused increased virulence, perhaps indicating a higher herbicidal activity; this is likely because not all plants survived treatment with 10% acetate alone (96.7% plant survival). Sodium as a counter ion for the acetic acid could potentially have an effect on the fungal virulence. However, sodium provided as dihydrogen phosphate did not greatly influence disease symptoms (Fig. 3J) . In addition, pregrowth of cells in acetate (a condition that impairs mitochondrial functions and increases stress) did not result in reduced virulence (data not shown). This result suggests that a transient mitochondrial stress before infection can be overcome during in planta growth. Finally, the nonmetabolizable acetate analogue chloroacetate did not influence virulence at non-herbicidal concentrations (data not shown).
Mitotracker staining indicates mitochondrial dysfunction in acetate-grown cells
The accumulating evidence from our phenotypic and gene expression studies suggests that growth on acetate has a major impact on mitochondrial function. As aforementioned, acetate is connected with PCD and mitochondrial function in other fungi such as S. cerevisiae (Ludovico et al., 2002; Sousa et al., 2013) . We therefore examined organelle distribution and morphology to further investigate the influence of acetate on mitochondria in U. maydis. Specifically, we stained cells grown in glucose or acetate with mitotracker (CMXros) and found that mitochondrial distribution was different in cells grown for 48 h in the two carbon sources (Fig. 4A) . That is, cells grown in glucose showed tubular mitochondria along the periphery of the cells with light staining intensity of the organelles. Under the same conditions, cells grown in acetate showed intense punctuated signals at the tips and especially in the centre of the cells. The intensity of staining was also 4.9 fold stronger in cells grown in acetate (Fig. 4B) . CMXros stains mitochondria in live cells and staining is dependent on the mitochondrial membrane potential. Therefore, our results suggest that a difference in mitochondrial membrane potential exists between cells grown in glucose versus acetate.
Connections between the electron transport chain and growth on acetate
In S. cerevisiae, cell death is triggered by leakage of cytochrome c from the ETC of the mitochondria into the cytosol (Ludovico et al., 2002) . As acetate induced ROS stress and cell death in U. maydis, we sought to confirm that the integrity of the ETC is relatively more important for growth and survival on acetate compared to glucose. Specifically, we tested inhibitors or modulators such as KCN (a cytochrome c oxidase inhibitor), CoCl 2 (an inducer of hypoxia), oligomycin (an ATPase synthetase inhibitor) and diclofenac (a potential complex 1 inhibitor; Sandoval-Acuña et al., 2012) for an influence on growth on acetate. Only KCN was found to inhibit growth on acetate compared to glucose, but the inhibitor had no influence on the survival of cells on acetate (Fig. 5A , Supporting Information Table S4 ). Low concentrations of CoCl 2 (to mimic hypoxia) did not have an effect on proliferation, but the cell morphology suggested that cells were stressed in both carbon sources, and acetategrown cells showed improved survival (Supporting Information Table S4 ; data not shown). These results suggest that oxygen levels and their perception might have an influence on cell morphology. Thus, we next tested if ETC function influenced the mating reaction for U. maydis. Hypoxia mimicry by CoCl 2 and inhibition of cytochrome c oxidase by KCN accelerated filament formation during mating and further induced filamentation of single colonies (in the case of KCN) (Fig. 5B) . In contrast, oligomycin did not influence the mating reaction (data not shown). These results suggest that ETC stress may be an inducer and accelerator of mating in U. maydis. In contrast, high concentrations of KCN disrupted the formation of filaments during mating in U. maydis. Together, these results indicate that a balance in mitochondrial stress is important for mating.
NSAIDs target mitochondrial b-oxidation, and inhibit proliferation and virulence
We recently showed that mitochondrial and peroxisomal b-oxidation contribute to filamentation in response to fatty acids, growth on fatty acids and acetate, and virulence in U. maydis (Kretschmer et al., 2012) . Compounds that interfere with these processes could therefore potentially impair U. maydis growth in planta.
To test this idea, we used nonsteroidal antiinflammatory drugs (NSAIDs) that are known to interfere with mitochondrial functions including inhibition of acetyl-CoA formation, inhibition of ETC functions and b-oxidation in vitro (Somasundaram et al., 1997; Baldwin et al., 1998; Fig. 5 . ETC functions are important for growth on non-preferred carbon sources, and ETC stress enhances filamentation and mating. A. Inhibition of the ETC by KCN abolishes growth on acetate (ace) but not on glucose (glu), and has no effect on cell survival. SDs are shown for three biological replicates. ns5 not significant, **5 p 0.01. B. Hypoxia mimicry by CoCl 2 and inhibition of ETC by KCN enhances mating and induces filamentation of single strains on DCM plates with 1% glucose with activated charcoal after 24 h or 48 h at RT. A. Cells were grown for 48 h in MM with 1% glucose or acetate and stained with Mitotracker. The contrast was adjusted for the photographs to optimize visualization of the staining. B. Cells were grown for 48 h in MM with 1% glucose or acetate and stained with Mitotracker. The same settings for microscopy were used for the two samples, and the processing of the images was identical for the two samples. A histogram of grey tones generated by Adobe Photoshop is depicted.
Carbon source stress in Ustilago maydis 499 Browne et al., 1999; Norman et al., 2004; Kasuya et al., 2010; Scatena, 2012) . Specifically, we used the wellknown NSAIDs salicylic acid (aspirin, asp), ibuprofen (ibu) and diclofenac (dic). None of the drugs were inhibitory for U. maydis growth in MM with glucose as carbon source (Fig. 6A) . However, when the available carbon source was a medium or long chain fatty acid such as myristic or oleic acid, diclofenac reduced the growth significantly at relative low concentrations ( Fig. 6B and C ; Supporting Information Fig. S5A, B) . U. maydis responds to fatty acids with a switch from yeast-like to filamentous growth, and we found that myristic acid alone led to an 8% filamentation rate, while oleic acid led to 84% filamentation. A combination of diclofenac (5 mg ml
21
) and myristic acid led to a spike in filamentation of 67.9%, before abolishing growth and filamentation at higher concentrations ( Fig. 6D; Supporting Information Fig. S5C ). In the case of oleic acid, no increased filamentation was seen for any diclofenac concentrations, and addition of 10 mg ml 21 of diclofenac reduced filamentation drastically.
The growth and filamentation of U. maydis on oleic acid was completely inhibited at 100 mg ml 21 diclofenac ( Fig.   6E ; Supporting Information Fig. S5D ). To test the fungicidal or fungistatic activity of diclofenac, cells were treated with 1 mg ml 21 diclofenac and the survival rate was assessed at different time points. Within 15 min of incubation in media with diclofenac, the survival rate dropped to 7.5% (Fig. 6F) . However, even after 24 h incubation, a subpopulation of cells (0.7%) was not killed by diclofenac, indicating some adaptation/ resistance of the fungus. A TUNEL assay with 1 mg ml 21 diclofenac revealed that 44.1% of the cells showed induction of cell death (DNA laddering) after 2.5 h incubation (Fig. 6G) . To test connections between b-oxidation and NSAIDs, we examined the growth of double mutants of the mitochondrial (Dhad1Dhad2) and peroxisomal (Dmfe2Dmfe2b) b-oxidation pathway, and found that these strains were more sensitive to the NSAIDs. The minimal inhibitory concentrations for wt, Dhad1Dhad2 and Dmfe2Dmfe2b were 1000, 500, 125 mg ml 21 for diclofenac, respectively, 250, 125, 41.7 mg ml 21 for ibuprofen, respectively, and 500, 250, 63 mg ml 21 for salicylic acid respectively.
Synergy between NSAIDs and the triazole fungicide tebuconazole was not detected for any combination (data not shown). Next we tested the effect of NSAIDs on the ability of U. maydis to mate. Salicylic acid had no effect at any tested concentration. In contrast, ibuprofen showed a slight reduction of the mating reaction at a concentration of 600 mg ml 21 and diclofenac showed a reduction of the mating reaction at 300 mg ml 21 and a weak mating reaction at a concentration of 600 mg ml
( Fig. 6H ). Taken together, diclofenac inhibits U. maydis growth on fatty acids, is fungicidal, and interferes with filamentation and mating in vitro. In vivo, diclofenac did not show plant toxicity at any tested concentrations (data not shown) and one single dose of 600 mg ml 21 diclofenac was able to reduce the virulence of U. maydis by approximately 1 disease index unit (Fig. 6I) . The reduction of virulence was correlated with a higher number of plants showing less severe symptoms (healthy plants and anthocyanins), even if the full range of disease symptoms was observed.
Discussion
An understanding of the mechanisms by which fungal phytopathogens manipulate and exploit the nutritional environment of the host may inform new strategies for crop protection. In this context, we are studying the nutritional requirements of the model fungal pathogen U. maydis, and we previously demonstrated that mutants lacking peroxisomal (Dmfe2Dmfe2b) and mitochondrial (Dhad1Dhad2) b-oxidation are impaired for virulence on maize (Kretschmer et al., 2012) . These mutants are also defective for growth on acetate, and we now demonstrate that acetate influences mating, filamentation in response to fatty acids and cell death associated with ROS and mitochondrial dysfunction in wt cells. Both longer fatty acids and acetate require peroxisomal activation to form acyl-/acetyl-CoA. Therefore, the disruption of peroxisomal ß-oxidation should lead to the formation of 'longer chain' acyl-CoA without further processing, and thus lead to reduced acetate activation to acetyl-CoA because of limited CoA availability. For mitochondrial ß-oxidation, we hypothesize that the poor growth on acetate may be due to perturbed mitochondrial processing of acyl-CoA and impaired shuttling of acyl-and acetylgroups between organelles. For example, the glyoxylate shunt and/or the carnitine shuttle are important for the transfer of acetate to mitochondria (Chen et al., 2012) . Also, peroxisomal b-oxidation requires the carnitine shuttle into mitochondria, and it is known that interference with the shuttle in the peroxisome by loss of the peroxisomal acetyl transferase impairs growth on fatty acids and acetate in the fungal pathogen Sclerotinia sclerotiorum (Liberti et al., 2013) . A defect in the human hydroxyacylcoenzyme A dehydrogenase (HADH), a homologue to the Ustilago mitochondrial Had1 protein, leads to an over accumulation of C4-OH acylcarnitine, suggesting an imbalance and improper usage of acylcarnitine in HADH deficient patients (Van Hove et al., 2000; Popa et al., 2012) . The over-accumulation of shorter and longer acylcarnitine derivates leads to a depletion of carnitine for transport of acyl and acetyl groups from the peroxisome. The improper shuttle between peroxisome and mitochondria might thus be the link between b-oxidation and the use of acetate in U. maydis, as both rely on a common CoA and carnitine pool. However, external carnitine was not able to increase the growth rate or rescue the survival of U. maydis grown on acetate (Supporting Information Table S4 ). Thus, an interference with the glyoxylate shunt could also be responsible for the reduced growth of b-oxidation mutants on acetate.
Acetate has a variety of effects on fungi and other organisms that could explain the toxicity observed for U. maydis. In S. cerevisiae, for example, acetate is not used as a carbon source if fermentable sugars are available, but it is taken up passively by the aquaporin Fps1 in the presence of glucose at low pH (Paiva et al., 2004; Mollapour and Piper, 2007) . Acetate dissociates in the higher pH of the cytosol and exerts toxicity to trigger a Hog1-dependent stress response (Casal et al., 1996; Guldfeldt and Arneborg, 1998; Mollapour and Piper, 2007; Sousa et al., 2012) . The uptake of acetate by U. maydis appears to be tightly regulated because a negative impact on growth was not seen at low pH, which would allow the undissociated acid to be rapidly taken up by an aquaporin like Fps1. Other influences of acetate on fungi include increased uptake and killing by macrophages and disturbed biofilm formation in the human pathogen Candida glabrata (Mota et al., 2015) . Furthermore, Shimokawa and Nakayama (1999) showed that acetate inhibits sterol 14a-demethylation leading to fluconazole sensitivity in C. albicans. Acetate in a narrow sublethal concentration also induces the switch from yeast to hyphal morphology in this fungus (Phillips et al., 2003) . In the phytopathogenic fungus Botrytis cinerea, loss of the monocarboxylate transporter MctA impairs the uptake of acetate and pyruvate, stimulates sporulation and has negative effects on virulence on Carbon source stress in Ustilago maydis 501 plant hosts (Cui et al., 2015) . Acetate is also an important carbon source for several cancers such as breast or prostate cancer (Schug et al., 2016) . It is imported by cancer cells and converted by Acs1 to acetyl-CoA for energy production or by Acs2 for fatty acid metabolism or histone modification. Interestingly, microbial production and use of acetate can have marked effects on host metabolism and disease. For example, acetate utilization by Vibrio cholerae in the host intestine interferes with insulin signalling and leads to lethality (Hang et al., 2014) . Therefore, acetate can serve as a carbon source and impact metabolic toxicity for both the pathogen and the host.
For U. maydis, we found that acetate induces ROS production, mitochondrial dysfunction, cell death induction and reduced longevity in stationary phase.
Additionally, the ETC appears to contribute to longevity because KCN, an inhibitor of cytochrome c oxidase in complex IV, influenced growth on acetate, while oligomycin had no effect. In yeast, cytochrome c leakage from mitochondria induces apoptosis in response to stress and chemicals (Sousa et al., 2012) . A similar impact of acetate on mitochondrial damage and PCD induction may occur in U. maydis. In turn, mitochondrial stress induced by acetate, ETC inhibitors or perhaps during infection, appears to modulate key aspects of U. maydis pathogenicity, filamentous growth and mating (Fig. 7A) . A mild inhibition of mitochondrial function leads to induction and acceleration of mating and filamentous growth, while strong mitochondrial dysfunction induced by acetate, high concentrations of glucose, KCN or diclofenac all lead to suppression of mating and filamentation A. Acetate is taken up by different transport mechanisms depending on extracellular pH. Cytosolic dissociation leads to acidification of the cytosol with detrimental consequences for cell viability. Activation of long chain fatty acids and acetate as a growth-dependent carbon source depends on peroxisomal activation to short acyl-CoAs including acetyl-CoA and subsequent shuttling to the mitochondria via carnitine. Inhibition of ß-oxidation in the peroxisome leads to accumulation of long acyl-CoAs and depletion of CoA for acetate activation. This leads to reduced carnitine dependent transport of short acyl/acetyl groups into the mitochondria. Blockage of beta-oxidation in the mitochondria leads to accumulation of acyl-carnitine and depletion of carnitine for further transport of acyl-groups from the peroxisome because of the inability to further process acyl-CoA via beta-oxidation. Growth on acetate leads to mitochondrial stress and dysfunction, including ROS formation resulting in cell death activation and inhibition of filamentation and mating (even under otherwise inducing conditions). Modulation of the ETC with CoCl 2 or KCN leads to filamentation and mating acceleration at low concentrations and inhibition at high concentrations. Cell death induction could be cytochrome c (cyt c) dependent as KCN is a cytochrome c oxidase inhibitor. Interestingly, during mating, two a2-locus encoded proteins (Lga2 and Rga2) in the wt strain 001, are known to interact with mitochondria and result in mitochondrial dysfunctions and virulence defects when deleted. These phenotypes resemble those seen for growth on acetate. We hypothesize that U. maydis actively regulates mitochondrial functions during mating in preparation for plant infection. Lightning bolts indicate functions with major impacts on filamentation, mating and/or virulence of U. maydis. B. During growth on non-preferred carbon sources or during mating, U. maydis experiences mitochondrial stress which leads to activation of filamentous growth. If the mitochondrial stress exceeds a threshold, such as seen for growth on acetate, filamentation is inhibited and cell death may be triggered. (Fig. 7B) . Acetate toxicity in U. maydis is not completely repressed by glucose, as a combination of those two carbon sources still leads to cell death, but the detrimental effects of acetate can be alleviated to a certain degree by external antioxidants (Fig. 3D and I) . In yeast, a NAC-insensitive branch of PCD is known and this mechanism might also exist in U. maydis to be triggered by acetate. Alternatively, additional negative effects of acetate, beyond an impact on mitochondrial functions, such as ROS production and cell death induction could exist. Cytosolic acidification and ergosterol biosynthesis inhibition as seen for other fungi might explain some of the effects (Shimokawa and Nakayama, 1999; Sousa et al., 2012) . From our data, it appears that the formation of filaments during mating is dependent on proper mitochondrial and ETC functions, because stress on the mitochondria induced for example by acetate, boxidation inhibition or blockage of the ETC by KCN lead to disturbed mating filament formation. This process is important for virulence and we found that addition of acetate during infection caused a slight attenuation of disease symptoms.
Surprisingly, acetate and oleic acid (to some extent) changed the expression of several functions related to in planta growth, such as filamentation, polysaccharide formation and sporulation, as seen in the GO-term and qPCR analyses. During infection, functions associated with mitochondrial and organic acid metabolism were also overrepresented in the GO-term analysis for downregulated genes, and partially overlapped with the functions overrepresented for the acetate/oleic acid treatments. Similarly, many mitochondrial genes of U. maydis were downregulated during infection. Although growth on a non-preferred carbon source and growth in planta both influenced mitochondrial functions, additional studies are needed to fully understand whether the triggers are the same in both conditions. However, a connection between mitochondria and virulence is known in U. maydis based on the analysis of two genes, lga2 and rga2, that are important for mtDNA inheritance, influence mitochondrial fusion and dynamics and impact virulence (Bortfeld et al., 2004; Fedler et al., 2009; Mahlert et al., 2009) . These genes are encoded at the a2 mating locus and this could indicate that U. maydis is actively modulating mitochondrial functions during mating and infection. In this context, we targeted mitochondrial function with diclofenac and found some impairment of virulence.
Overall, this work provides a foundation to understand transcriptional changes during growth on non-preferred carbon sources and the consequences of those changes for the pathogenic development of U. maydis. In general, it is interesting that agents or mutations in functions which compromise mitochondrial functions, leading to stress, such as acetate, b-oxidation mutations (Dhad1Dhad2) or b-oxidation inhibitors all lead to variable degrees of virulence reduction in U. maydis (Kretschmer et al., 2012) . It appears that a fungicide targeting the mitochondria of U. maydis could be promising, as it would interfere with filamentous growth (e.g., during mating), induce ROS stress and finally lead to cell death.
Experimental procedures
Strains, culture conditions and chemicals U. maydis strains 001 (518, a2b2), 002 (521, a1b1), Dhad1Dhad2, Dmfe2Dmfe2b, Dkpp2, Dkpp6 and Dubc1 were grown in liquid media or on agar-plates of PDB (Potato Dextrose Broth, a complex media), MM (minimal media) 11% carbon source or as indicated or on DCMcharcoal 11% carbon source (Double Complete Medium for mating) (Holliday, 1974) at pH 7.0 at 308C with 200 r.p.m. and ambient light for liquid culture or RT for mating plates. Carbon sources were added after autoclaving, or media were filter sterilized after addition of carbon source and pH adjustment. In general, cells were harvested and washed three times in MM without carbon source, and incubated for 30 min for adaption to carbon source starvation. Fatty acids and chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich, Oakville, Ontario, Canada) unless otherwise indicated. Salicylic acid and diclofenac were dissolved in DMSO, and ibuprofen was prepared in sterile distilled water. The stock solutions were prepared fresh for each experiment. Fatty acids were filter sterilized.
Staining for reactive oxygen species
For detection of reactive oxygen species (ROS), cells were grown in PDB, washed 3 times and 1 3 10 6 cells were added to 5 ml MM with either 1% glucose or 1% acetate. After 40 h, the cell density was adjusted to 5 3 10 6 cells in 100ml and incubated with a final concentration of 100 mM 2,7-dichlorofluorescein diacetate (DCFH-DA). Cells and controls were incubated for 30 min at 378C in the dark and fluorescence was measured at 488nm excitation and 530 nm emission. For microscopic evaluation of ROS production, cells were prepared and incubated as described above, except cells were only grown for 36 h in MM and used for microscopy with fluorescence filters.
Mitotracker staining
For mitochondrial staining, cells were grown in PDB, washed 3 times and 1 3 10 6 cells were added to 5 ml MM with either 1% glucose or 1% acetate. After 48 h, cells were stained with mitotracker red CMXros according to the manufacturer's protocol (Thermo Fisher Scientific, Waltham, MA, USA). Cells were examined microscopically with appropriate fluorescence filters. Cells grown in glucose or acetate were handled with the same microscopic and image settings.
Carbon source stress in Ustilago maydis 503
Growth assays
The toxicity of salicylic acid, ibuprofen and diclofenac was determined by incubating 1 3 10 6 cells in 5 ml of MM with glucose as the carbon source and with a range of drug concentrations up to 1 mg ml 21 or solvent as a control (DMSO up to 1%). Cells were incubated for 5 days at 308C with shaking at 200 r.p.m. and the cell number was determined with a Neubauer counting chamber. For assaying growth on fatty acids, fungal cells were grown in complete media (PDB) overnight, washed once in sterile water and 1 3 10 6 cells were incubated in 5 ml of MM (Kretschmer et al., 2012) . The media were supplemented with different carbon sources (oleic acid, myristic acid or glucose) at 1% with or without increasing diclofenac concentrations ranging from 0 to 650 mg ml
21
. Diclofenac in DMSO or DMSO as a control were added to the media with different carbon sources with 1% DMSO in the highest combination tested. The filamentation rate of 100 cells was determined.
Determination of fungistatic or fungicidal activity of diclofenac
To evaluate toxicity, 1 3 10 5 cells ml 21 of U. maydis were treated with 1 mg ml 21 diclofenac directly dissolved in MM with 1% glucose as carbon source. The samples were incubated at 308C at 250 r.p.m. for 0 min, 5 min, 15 min, 30 min, 1 h, 5 h and 24 h. At these time points, 5 ml (500 cells) were plated on PDA plates and the survival rate (cfu) was determined.
Assays for cell viability and cell death assay with diclofenac and acetate Cell viability was assessed by mixing cells and 0.2% trypan blue in PBS followed by microscopic examination. Trypan blue stains intracellular proteins in cells with compromised plasma membranes. Cell death was assayed after a 2.5 h treatment with 1 mg ml 21 diclofenac or 2.5% acetate as described previously (Kretschmer et al., 2012) . For the comparison of viability upon growth in 1% glucose or 1% acetate, 2 3 10 5 cells per ml were inoculated into minimal media with subsequent growth and trypan blue staining at 0, 24, 48 and 72 h.
Synergy of NSAIDs with tebuconazole and sensitivity of Dhad1Dhad2 and Dmfe2Dmfe2b mutants
The potential synergy of ibuprofen, diclofenac or salicylic acid with tebuconazole was analysed with the fractional inhibitory concentration (FIC) method described by Fidai et al. (1997) . The assay was performed in 96 well plates with MM and 2,500 fungal cells per well. The highest drug concentrations were 0.125 mg ml 21 tebuconazole, 800 mg ml 21 ibuprofen, 1000 mg ml 21 diclofenac and 1000 mg ml 21 salicylic acid. The 96 well plates were incubated at 308C in a humid chamber for 2 days. FIC was calculated as described and synergy is seen for FIC 0.5. Minimal inhibitory concentrations for the different strains and mutants for ibuprofen, diclofenac and salicylic acid were also evaluated. file p3_t237631_Ust_maydi_v2 obtained from http://mips. helmholtz-muenchen.de/genre/proj/ustilago/) and hit counts and RPKM values for genes were calculated. These values were used to compare transcript levels between samples and genes with less than twofold expression change were excluded from further analysis. Gene annotation data for the U. maydis reference genome was acquired from the Hemlholtz Zentrum Munchen PEDANT 3 database (http:// pedant.helmholtz-muenchen.de). RNAseq for U. maydis for infected corn tumour samples 10dpi and mating/infection cultures wt 0013 wt 002 at 0 h were prepared in biological triplicates and RNAseq was performed individually for each sample, as described in Kretschmer et al., (2016a) . Gene ontology (GO)-term enrichment was performed for all genes with a fold change >2 (positive or negative). GO-term analysis was performed as described previously (Kretschmer et al., 2016a) . Revigo (http://revigo.irb.hr/) was used for visualization of the infected GO-term analysis as previously described (Kretschmer et al., 2016a) .
qPCR Cells of U. maydis were grown as for the RNAseq experiments, and RNA was extracted as described by Kretschmer et al. (2014 Kretschmer et al. ( , 2016a . A sample of 10 mg RNA was DNase treated with the turbo DNase kit (Thermo Fisher Scientific, Waltham, MA, USA), and 500 ng RNA, respectively, 1 mg for the infection samples was used to synthesize cDNA with the verso cDNA kit with oligodT as primer (Fisher Scientific, Waltham, MA, USA). Subsequently, cDNA was diluted 1:5 and 2 ml were used per qPCR reaction as described by Kretschmer et al. (2014) . The DD Ct method was used to calculate fold changes. Control genes were actin (um11232) and elongation factor alpha (um00924), and three biological repeats were performed. All tested genes and primers are listed in Supporting Information Table S5 .
Statistical methods
All experiments were repeated at least three times with biological replicates. Values are given as the average of triplicates 6 SD. Data were analysed with the t-test for statistical significance.
